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ABSTRACT 
 
 Electronic systems that integrate with biological systems must be able to accommodate 
the dynamic mechanical characteristics of the tissue. With the rise in the interest of diagnosing 
and treating brain diseases it is critical that electrodes involving brain/machine interfaces have 
minimal effect on the brain while ensuring conformal coverage and good signal quality. A two-
stage attempt is described in this thesis, where technological advancement involved in the 
producing of an extremely conformal platform is described, followed by the introduction of a 
high-density, actively multiplexed, flexible, and foldable sensor array. Experimental data show 
that as substrate thickness decreased the signal quality increased. Thin mesh-type systems 
showed further improvements in electrode response. An array of ultrathin, highly dense silicon 
nanomembrane transistors was fabricated on flexible plastic substrates and recorded neural 
activity with high spatial resolution. Brain activities, such as sleep spindles, single-trial visual 
evoked responses, and electrographic seizures could be successfully recorded. Analysis of the 
recorded data reveals the propagation of the punctual spatial patterns composed of planar and 
spiral waves during epileptic stage. 
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CHAPTER 1 
OVERVIEW 
 
 The brain is one most important component of the central nervous system, yet is one of 
the least known organs. With the incidence of brain damage and disease increasing, the demand 
for better diagnosis, and ultimately treatment, is constantly rising. A platform, which interfaces 
the brain and computer, could allow patients with impaired motor and sensory functions to move 
and feel through the help of devices that relay neural information to external machine and 
external input to the brain. Whether for clinics or research laboratories setting the electrode 
interface must be compliant to the mechanical and topographical characteristics of the brain 
tissue. In other words, the electrode should be thin enough to avoid exerting excess amount of 
pressure on gyri while flexible enough to provide good contact with sulcus.  
The following chapters describe the research efforts and outcome in the development of 
neural monitoring devices that focused on those two criteria. In chapter 2, we explore the effect 
of using substrates with various thicknesses and a mesh design, and their respective experimental 
data. In chapter 3, we focus on the incorporation of thin, highly-dense, multiplexed, silicon 
transistors into the flexible substrate that can record neural activity with high temporal and 
spatial resolution. Data from feline model experiments show the technology is a promising tool 
that can open new avenues for the diagnosis and treatment of various brain diseases, for example, 
as presented as an experimental result, epilepsy. Finally, chapter 4 concludes with a discussion 
on the technical outlook based on the presented technologies.  
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CHAPTER 2 
ULTRATHIN, CONFORMAL, BIO-INTEGRATED ELECTRONICS ON DISSOLVABLE 
SILK FILM 
 
2.1 Introduction  
 
Integration of electronics with biological systems is immediately challenging due to the 
inevitable mismatch between rigid and planar surfaces of semiconductor materials and the soft, 
curvi-linear, and dynamic nature of biological systems. The result of this mechanical difference 
is the low-fidelity coupling at the biotic/abiotic interface, which in turn means the limitation in 
the long-term monitoring of tissue health. Overcoming this issue is most probably anticipated in 
the fields of brain/computer interfaces (BCIs), where the complexity of surface structures are 
most pronounced. The most advanced BCI technology adopts penetrating microelectrode arrays 
that are consisted of 10  10 arrays of pins with base widths ~80 μm, lengths ~1.5mm and pitch 
~400 μm [1]. Although their value in the BCIs is appreciated the presence of rigid block of 
silicon substrate and penetrating pins often results in the formation of scar tissues [2]. Non-
penetrating electrode systems with improved stability do exist [3-5]. These clinical subdural 
electrodes are useful for BCIs [6], but the widely-spaced (~1 cm) and large contact electrodes 
(~0.35 cm diameter) means undersampling of the electrical signals generated by the brain [7]. 
Therefore, improvements to the BCI performance can be achieved by increasing the spatial 
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density of the electrodes [8], while providing an increased access to the entire surface structure 
of the brain. Such designs, however, demand excellent conformal coverage over the highly 
convoluted brain surface, to ensure direct coupling between brain tissue and the electrodes. 
Attempts in creating conformal contacts by reducing the thickness of the substrate have 
been found in some clinical and research arrays, but even the thinnest devices incorporates 
substrates that are 700 μm and   10 μm [9,10], respectively, which still are unfavorable for 
ensuring conformal contact. Similar designs with stretchable substrates have been developed for 
other neural interfaces
 
[11,12] but typically with comparable or larger thicknesses. In 
conventional designs, ultrathin geometries (that is,  10 μm) are impractical, because the films 
are not sufficiently self-supporting to be manipulated effectively during fabrication or 
implantation. 
Silk is the most suitable kind of biomaterial for a temporary supporting substrate due to 
its optical transparency [13,14], mechanical robustness and flexibility when in thin-film form 
[15-17], compatibility with aqueous processing [18,19], and easiness in chemical and biological 
functionalization [13,20]. Silk is not only biocompatible in both the non-treated and methanol-
treated formats [21,22], but also is water soluble with dissolution rates than is tunable [15,16]. 
Silk has recently been utilized as a platform for various classes of devices including transistors 
[23] and photonic devices [24,25]. The process to form silk substrates begins with derivation 
from Bombyx mori cocoons, and follows published procedures [18,19]. The cocoons are boiled 
in a 0.02 M aqueous solution of sodium carbonate for 1 hour to remove water-soluble 
glycoprotein called sericin, which binds to fibroin filaments in the cocoon and causes undesirable 
immunological responses [21,26]. An aqueous solution of lithium bromide heated to 60 ºC 
solubilized the fibers and performed dialysis to remove the lithium bromide. The solution was 
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then centrifuged to filter particulates and to yield 8-10% silk fibroin with minimal contaminants.  
The final solution was then casted on a flat piece of poly(dimethylsiloxane) (PDMS) to form thin 
film of crystallized silk (in thicknesses of 20-50 μm) (Fig. 1a) and subsequently removed from 
the PDMS to be utilized as a substrate for the electrodes. 
 
2.2 Device fabrication 
 
We used ultrathin, spin-cast films of polyimide (PI) as a support for arrays of electrodes 
designed for passive neural recording. Similar layouts were used for control devices however 
these devices were fabricated on sheets of commercial PI with thicknesses of 25 and 75 μm. For 
electrical connection to external data acquisition systems we bonded anisotropic conductive film 
(ACF) to electrode pads at one end of the arrays. Since ultrathin PI films, with or without mesh 
layouts, are extremely hard to handle during fabrication, we used silicon wafers as sacrificial 
substrates for processing of the electrodes. At the end of the fabrication was creating the mesh 
structure in the film by removal of unwanted parts of PI. When processing was completed, the 
electrode was released from silicon substrate by dissolving PMMA layer with acetone, then 
transfer printed to a film of silk. ACF connection finalized the processes. See schematic 
illustrations and images in Fig. 1b. In all cases, the arrays consisted of 30 measurement 
electrodes (Au, 150 nm) in a 6   5 configuration, each with dimensions of 500 μm   500 μm 
and spaced by 2 mm. In order to prevent contact with the tissue or surrounding fluids, 
interconnection wires were encapsulated by spin coating a thin (~1.2 μm) of PI. The thickness of 
the PI was carefully chosen to locate the interconnects at the neutral mechanical plane, thereby 
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minimizing the potential for bending-induced mechanical fracture. Electrode arrays were 
implanted by placing them on the exposed brain (after craniotomy) and then flushing with saline 
to dissolve the silk. This method induced spontaneous, conformal wrapping of the device, as 
illustrated schematically for the mesh design in Fig. 1c. After the measurements, the electrode 
array can be easily removed, because of the attachment of the electrodes to the ACF. 
 
2.3 Dissolution of silk 
 
When a 7-μm-thick PI film (connected to ACF on a silk substrate with thickness of ~25 
μm mounted on silk substrate) was submerged in warm water (~35 ºC) the silk substrate 
dissolved and the total bending stiffness, EI, diminished markedly because of its cubic 
dependence on thickness. Computed results appear in Fig. 2a for PI thicknesses of 2.5 and 7 μm. 
To highlight the benefits of reduced thickness, the inset shows the ratio of EI for these two cases. 
Through programmed control of the dissolution rate by modifications of the silk protein 
secondary structure [15,16], these changes in EI can be designed to occur over periods of time 
ranging from seconds to years, depending on requirements. Figure 2b shows, as an example, the 
dissolution rate of silk film slightly treated with ethanol (left frame) and the computed time 
dependence of EI in devices that employ more thorough ethanol treatment (right frame). The 
error range for silk thickness measurement is ±7%.  
 
2.4 Conformal adhesion to brain model 
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We used a human brain model, as shown in Fig. 3a, in order to study the electrode’s 
ability to conform to complex surface. As described in the images of Fig. 3, we washed the 
devices with saline including the relatively thick control device, which do not have silk 
component. It was clear that the extent of conformal adhesion increased with decreasing 
substrate thickness, while the mesh design showing the best conformal coverage, as shown in Fig. 
3c. To further study the underlying mechanics, we performed systematic and quantitative studies 
on well-defined surfaces that contained key resemblance to the human brain. The initial set of 
experiments involved wrapping of the electrodes on isolated and overlapped cylindrical surfaces. 
The schematic diagrams in Fig. 4a illustrate the simplest case where EI, h, b, and 2L represent 
bending stiffness, thickness, width, and length of a device, respectively. R represents the radius 
of the cylinder on which a device wrapped. For the multilayer structure as described in Fig. 1 to 
favorably wrap around a cylinder the following mathematical expression must satisfy, 
      
  
    
 (1) 
where 𝜸 is the adhesion energy per unit area. Fig. 5b compares the above relation with the 
experiments. The data are consistent with 𝜸 ~ mJ m-2, which is comparable to reported values for 
wet interfaces [27]. Thus far, we observed that reducing the thickness provided benefits for 
wrapping cylinders using only capillary adhesion with R ~1 cm when h  ~15 μm. 
To simulate a gyrus of the brain, we have developed a simple model using two 
overlapped cylinders. Figure 4b describes cylinders with radii R, a center-to-center separation of 
2d, and connected by a smooth arc of radius r0, at the angular position     sin
-1
[        ⁄ . 
The contact angle of a thin film with one cylinder,  , can be shown to be 
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where    is given in equation (1). The solution of equation (2) takes the form θ = θ (  ⁄ ,     ). 
For     , the energy has a minimum at θ = 0, and the film does not wrap around the cylinders. 
Partial wrapping occurs to a contact angle of θ (that is, contact for angles between 0 and θ <   ) 
for           
  , where   
  is obtained from equation (2) with θ =   . For     
 , wrapping is 
complete (that is, conformal contact for angles between 0 and   ). By comparing equation (2) 
with the experiment, the extracted adhesion energy per unit area is   = 10 mJ m-2. Results appear 
in the bottom frame of Fig. 4b, where the parameters correspond roughly to features on the brain 
model: R = 6.14 mm, d = 5.93mm and r0 = 1.72 mm. The error range of the data is ±5%. By 
substituting θ with    in equation (2), the critical thickness for conformal contact is obtained as 
h0 = 4.9 μm for the present system; that is, devices thinner than ~4.9 μm achieve conformal 
contact on this surface. The experimental results are consistent with this calculation. 
 In order to further study the adhesion mechanism of the electrodes on the brain, we 
examined the behavior of the electrodes on a hemispherical substrate. Figure 4c shows results for 
electrode array with different thicknesses of 7 and 2.5 μm and with an open mesh layout [28] at 
2.5 μm, each suspended on a glass hemisphere with a radius of curvature of 6.3 mm. The mesh 
electrode array showed excellent conformal contact with only water capillarity as the adhesion 
force. The sheets, however, showed poor contact, with large wrinkles, for both 7 and 2.5 μm 
cases. Mechanical analysis of a simple model reveals the underlying physics. The left frame of 
Fig. 4d shows the mechanics model for the sheet design, which consists of a circular film with 
radius r + w wrapped onto a sphere with radius R. The central green part denotes a PI plate of 
radius r, tension stiffness (Eh) PI and equi-biaxial bending stiffness (EI) PI. The yellow ring 
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corresponds to a multilayer structure of PI and Au, of width w, tension stiffness (Eh) composite and 
equi-biaxial bending stiffness (EI) composite. For the film to wrap around the sphere, the required 
minimum adhesion energy per unit area is obtained analytically as 
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A mechanics model for the mesh design appears in the right frame of Fig. 4d, which consists of 
only a circular strip of a corresponding multilayer of PI and Au. In this case, the minimum 
adhesion energy per unit area is 
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 (4) 
For the case that w  r,   
      in equation (3) is always larger than   
     in equation (4); that is, 
  
         
    . The inference is that the open mesh design requires much lower adhesion 
energy than the corresponding sheet, thereby leading to greatly improved ability for conformal 
coverage, as shown in Fig. 6a. Figure 6c shows critical adhesion energies for films with 
thicknesses up to 80 μm. For a thickness of 2.5 μm and w/r = 4,   
      = 29.1 mJ m
-2
 for the 
sheet, which is more than 12 times larger than the mesh   
     = 2.4 mJ m-2. In addition, the 
mesh design involves membrane strains that are smaller, by roughly a factor of w/r, compared 
with sheets with similar thickness. For the experimental mesh systems, this ratio is of the order 
of 1/4. As a result, for a representative critical wrinkling strain of 0.1%, nearly two thirds of the 
sheet will wrinkle. Under the same conditions, the entire mesh gives perfect, conformal contact. 
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Finally, the normal (peeling) interfacial stress for the mesh is only 1/4 of that for the sheet Fig. 
6b and 6d, leading to improved adhesion and reduced forces applied to the substrate. 
  
2.5 In vivo experiment 
 
To demonstrate the practical application of these favorable mechanics, we conducted  in 
vivo neural monitoring experiments on a feline animal. For the experiments, the cat was 
anaesthetized with its fixed by a stereotaxic apparatus and its eyes focused on a monitor that 28º 
  22º of space. An initial craniotomy and durotomy exposed a 2   3 cm region of cortex. The 
electrode array was placed to cover the regions of the visual cortex as shown in the left frames of 
Fig. 5a˗c. Visual stimuli consisted of full-field drifting gratings presented for 1 s at 2 Hz with a 
spatial frequency of 0.5 cycles per degree. Gratings were presented at two different directions 
over eight different orientations (16 unique stimuli). However, the responses obtained from all 
16 unique stimuli were averaged to obtain the largest possible signal-to-noise ratio. 
We used three kinds of electrode array for the test: 76-μm- and 2.5-μm-thick sheets and a 
2.5 μm-thick mesh. The second two included dissolvable silk supports. The left images of Fig. 
7a-c illustrate the progressively improved conformal contact with reduced thickness (that is, 76 
μm to 2.5 μm, in Fig. 7a and 7b, respectively) and with introduction of the mesh (that is, Fig. 7c). 
The right frames of Fig. 7a-c demonstrate the effectiveness of decreasing the electrode thickness 
and the mesh structure on physiological measurements of brain activity. 
In particular, these frames show the average evoked response measured at each electrode, 
each plotted in a spatial arrangement that corresponds to the images in the left frames. Prominent 
visually evoked potentials are observed, particularly a strong P100 response. The P100 response 
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is a `positive' evoked response typically occurring at 100 ms after the stimulation onset [29]. The 
P100 responses shown in Fig. 7 are plotted positive down, by convention. The background color 
of each plot illustrates a quantitative measure of the evoked response signal quality. This 
measure of signal quality was calculated by dividing the root mean square (rms) amplitude of 
each average electrode response in the 200 ms window immediately after the presentation of the 
visual stimulus by the rms amplitude of the average 1.5 s window immediately preceding the 
stimulus presentation. The color bar at the bottom of Fig. 7c provides the numerical scale for all 
of the colors used in Fig. 5a-c. This measurement serves as a quantitative metric of the electrode 
performance, because the uniform nature of the stimulation is expected to evoke similar 
responses across the entire visual cortex. 
In each case, 28 of the 30 electrode channels were recorded and evaluated for evoked 
potential response, as colored in green to red. Two channels, indicated in grey, were reserved as 
local references, as required by the recording apparatus, and were not evaluated. The channels 
with high and low rms amplitude ratios are colored green and red, respectively. The 76 μm (Fig. 
7a) electrode array exhibited the lowest performance with a mean rms amplitude ratio of all 28 
channels of 3.6   1.8. This was due to poor contact at many of the electrodes. The 2.5 μm array 
(Fig. 7b) showed better conformal contact and correspondingly a higher mean rms amplitude 
ratio of 5.2 ± 3.9. However, the higher standard deviation and correspondingly wide spectrum of 
the red and green channels on the array indicate that although many electrodes recorded excellent 
signals, approximately half of the electrodes still had poor contact with the brain and recorded 
weak responses. The 2.5 μm mesh electrode (Fig. 7c) showed the best performance, with nearly 
all channels in good contact and a still higher mean rms amplitude ratio of 5.7 ± 3.0. The lower 
standard deviation of the 2.5 μm array illustrates that most of the electrodes recorded good 
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responses. Figure 7d shows representative single-channel data from one of the 2.5 μm mesh 
electrodes. A sleep spindle is observed with good signal amplitude and signal-to-noise ratio. This 
collective set of observations is consistent with the systematic mechanics studies described 
previously.  
 
2.6 Conclusions 
 
The systems and experiments described in this chapter dealt with purely passive 
electrodes to focus on the advantages and underlying aspects of the systems, but the same 
approaches can be applied to systems with active components, such as silicon transistors, 
integrated with the platforms described in this chapter. This technology allows intimate 
integration of finely spaced electrode systems with living tissue, enabling the kind of reliable 
biotic/abiotic interface with moving, biological structures that will be required for chronically 
implanted, high-resolution medical devices. This improved electrode/tissue interface has the 
potential for a positive impact on human health in many modes of use. 
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2.8 Figures 
 
 
Figure 1. (a) Preparation of silk substrate by film casting and drying on a 5-15-μm-thick PDMS 
substrate. (b) Schematic illustration of process steps involved in the fabrication and transfer 
printing of the electrode array onto silk, followed by ACF cable connection. (c) Schematic 
illustration of a clinical usage of the electrode showing the mounting, dissolving of the electrode.  
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Figure 2. (a) Bending stiffness of 7 μm and 2.5 μm substrate as a function of the thickness of the 
silk supporting film. The inset shows the ratio of bending stiffness between 7 μm and 2.5 μm. (b) 
Time-dependent change in the volume of a silk film during dissolution (left frame) and bending 
stiffness calculated for silk treated in 70% ethanol for 5 seconds for two different electrode 
thicknesses (right frame). 
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Figure 3. (a) Comparison of different substrate thicknesses to illustrate the trends in conformal 
contact. (b) Magnified view of the pictures clearly show the conformal contact increases as the 
substrate thickness decreases. (c) Image of a mesh design electrode mounted on a dissolvable 
silk substrate. Inset, the silk substrate is dissolved and the mesh electrode is conformed to the 
brain model 
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Figure 4. (a) A mechanical modeling of a thin film wrapping around a cylindrical with radius R. 
The top schematic illustrates the unwrapped and wrapped states. The bottom frame compares the 
model and experimental data. (b) A thin film is wrapped around two overlapped cylinders.  The 
top schematics illustrates the unwrapped and wrapped states while the bottom frame shows the 
comparison between the mechanics model and experimental data.  
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Figure 5. (a) Images of electrode with different substrate thicknesses (76 μm in top left, 2.5 μm 
in top right, and 2.5 μm mesh in bottom frame) suspended on a glass hemispherical surface. (b) 
Mechanics models for sheet (left frame) and mesh (right frame) designs where green area 
represents a PI plate and yellow ring represents a multilayer structure of PI and Au. 
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Figure 6. Modeling results of (a) critical adhesion energy (b) the normal stress between the film 
and sphere for sheet and mesh designs, (c) the critical adhesion energy for sheet and mesh 
designs, and (d) the normal stress between the film and sphere surface for sheet and mesh design. 
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Figure 7. Left frames show electrode arrays with different substrate thicknesses ((a) 76 μm, (b) 
2.5 μm, and (c) mesh structure) placed on a feline brain. Right frames show the corresponding 
average evoked response from each electrode. The scale bar at the bottom describes the scale 
used in the right frames. (d) Representative data collected from a single electrode in a 2.5 μm 
mesh electrode array.  
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CHAPTER 3 
FLEXIBLE, ACTIVELY MULTIPLEXED, HIGH-DENSITY ELECTRODE ARRAY FOR 
MAPPING NEURAL ACTIVITY  
 
3.1 Introduction 
 
 While high-resolution neural recordings from the cortical surface for basic research and 
clinical medicine has shown many possibilities it has been revealed that electrode spacing should 
be 1.25 mm or closer in humans to sufficiently provide spatial information that is available from 
the superior temporal gyrus and motor cortex[1]. For detection of motor control signals [2] and 
spoken words [3], electrodes spaced 1 mm apart or less could be used. In occipital cortex, arrays 
with 500-μm spacing have demonstrated micro-field evoked potentials that can distinguish 
ocular dominance columns [4]. Based on observations of microseizures, microdischarges and 
high-frequency oscillations in epileptic brain the spatial scale for some pathologic signals is also 
submillimeter [5,6]. 
 Current subdural electrodes used in clinics for diagnose and treatment of epilepsy, 
however, are much larger (~3 mm in diameter) and have relatively large interspacing (~10 mm). 
Such design is mainly due to the need to record large areas of the brain surface (80 mm   80 mm) 
to accurately locate epileptic regions of the brain. Large area electrode arrays with high spatial 
resolution are also needed in brain-machine interface (BMI) applications to account for variability in the 
location of brain functions, which can vary by ~5 mm across subjects [7-10]. High-resolution interface 
over a large area has previously been impossible owing to the infeasibility of connecting thousands of 
wires in the small intracranial space. 
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Efforts have been made in the research of penetrating electrode arrays, such as the Utah 
array [11], which can provide a high-resolution interface to a small area of cortex and enable 
high-performance neuromotor prostheses [12]. However, arrays of penetrating microelectrodes 
may only function for 6–12 months [13] before the signal quality on most electrodes becomes 
substantially diminished. These devices can also cause hemorrhage and inflammatory tissue 
responses from the immediate insertion [14,15] and over long periods of time, possibly as a 
result of the inability of the rigid penetrating electrodes to flex and move as the brain pulses, 
swells and contracts [16]. 
Highly flexible arrays of subdural electrodes have unique advantages over penetrating 
microelectrode arrays in that they are able to maintain signal quality over extended periods of 
time with minimized irritation and injury to brain tissues [17-19]. Furthermore, the micro-
electrocorticographic (μECoG) signal recorded from flexible arrays of nonpenetrating electrodes 
with high-resolution can provide comparable information content to the spiking activity recorded 
by penetrating microelectrodes in some applications, such as BMI [20-22]. 
 
3.2 Electrode array design 
 
To enable high-resolution interface with large areas of the brain, we developed an array 
of flexible, nonpenetrating electrodes using flexible silicon electronics technology. The array 
was composed of 720 silicon nanomembrane transistors (Fig. 8a). The active matrix circuit 
design contained two transistors per unit cell (Fig. 8b). The buffer transistor connected to the 
electrode provided buffering of the biological signals, whereas the multiplexing transistor 
allowed all of the electrodes in the same column to share a single output wire. Flexible 
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transistors were fabricated using high-quality single-crystal silicon, yielding a mobility of ~350 
cm
2
 V
−1
 and an on/off ratio >10
3
, calculated from the slopes of the transfer curves and the ratio 
of maximum and minimum current outputs (Fig. 8b) using standard field-effect transistor models 
[23]. This capability enabled high-speed multiplexing (<5 μs), sampling rates >10 kS per s per 
electrode [24] and very low multiplexer cross-talk (<−65 dB). 
 
3.3 Electrode array fabrication 
The fabrication process starts by doping of silicon-on-insulator wafers (Si(260 
nm)/SiO2(1,000 nm)/Si; SOITEC) by rapid thermal annealing of phosphorus spin-on-dopant 
(Filmtronics) material at 950-1,000 ºC. The top silicon membrane was then transfer printed onto 
a 12.5 μm thick polyimide film (DuPont) using spin-casted polyimide layer (1.2 μm) as an 
adhesive. After curing of the adhesive layer of polyimide silicon nano-ribbons were formed by a 
dry etch process, through which non-active silicon regions were removed from the substrate. A 
layer of 100 nm SiO2 was deposited with plasma-enhanced chemical vapor deposition 
(Plasmatherm) followed by contact opening for the source and drain connects. An electron beam 
evaporator (Temescal) was used to deposit the metal (Cr/Au, 5 nm/150 nm), and wet etching 
process followed to form metal connections. At this step, an array of n-type transistors was 
formed. Subsequent metal interconnections were isolated by an insulating layer of polyimide (1.2 
μm). Two additional encapsulating layers of SU8 (Microchem) was coated to provide protection 
from the bio-fluids. The location of metal electrodes for 3
rd
, 4
th
, and 5
th
 metal layers were 
intentionally shifted off-set in an attempt to reduce possibility of leakage current during the 
operation of the devices (Fig. 9b). 
 
After the arrays were completed, an anisotropic conductive 
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film (Elfrom) was bonded to provide an electrical connection to the data acquisition system. 
Detail fabrication process and its representative microscope images are shown in Fig. 9a. 
 
3.4 Electrode testing 
 
Current technology in neural monitoring devices is limited in its ability to record from the 
sulci due to the rigid and bulky nature of the materials. However, implanting even a few 
electrodes in sulci such as the central sulcus has shown that the signals obtained carry more 
information for BMI applications than signals recorded from the traditional gyral surface [25]. 
Electrical recording from inside sulci may also be important for clinical applications, as studies 
of brain pathology have demonstrated that focal cortical dysplasias are preferentially located at 
the bottom of sulci [26]. Some devices have attempted to address this by exposing a small 
number of passive electrodes on both surfaces of the device [27,28], but have only achieved 
limited spatial sampling. 
Given the extreme flexibility, we could fold our device around ~700-μm-thick silicone 
rubber, forming a unique, high-resolution, double-sided recording device. This allowed access to 
rarely explored cortical areas, such as the interior of sulci or the medial aspects of the cerebral 
hemispheres (Fig. 11a). To minimize induced strain in the silicon, silicon dioxide, and metal 
interconnection layers during folding, we reduced the overall array thickness from 76 μm [24] to 
25 μm, resulting in a nearly tenfold reduction in bending stiffness. This was accomplished by 
reducing the polyimide substrate thickness from 25 μm to 12.5 μm, and by reducing the epoxy 
encapsulation thickness from 20 μm to 8 μm (Fig. 11b). The induced strain in each layer during 
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folding was estimated via analytical modeling (Fig. 11c) and was maintained well below the 
mechanical fracture strain of each inorganic material (~1% for Si and SiO
2
) [29]. 
 
3.5 In vivo experiment 
 
We used our flexible electrode device to map neural activity at high resolution on the 
surface of visual cortex of ten cats in vivo. An initial craniotomy and durotomy exposed a 2 × 3 
cm region of cortex. Eyes were focused on a monitor that subtended 28 × 22° of space. The 
electrode arrays were either placed on the brain or inserted into the interhemispheric fissure (Fig. 
12a,b). Given the high flexibility of the electrode array, it could be placed in between the two 
hemispheres of the brain without causing damage to tissue. In this configuration, the recording 
surface is facing the left hemisphere. Alternately, the folded electrode array can be inserted in the 
same location as the flat electrode array (Fig. 12b), simultaneously recording from both hemi-
spheres, with the right hemisphere filtered through the dura.  
 
3.5.1 Visual evoked responses 
 
Visual stimuli consisting of full-field drifting gratings were presented for 504 ms at 2 Hz 
with a spatial frequency of 0.5 cycles per degree. Single-trial visual evoked potentials [29] were 
visible on many channels of the electrode array (a small subset of these potentials are shown, 
without averaging, to illustrate the quality of the electrode array recordings. 
A second visual stimulus consisted of flashing white boxes at pseudorandom locations in 
an 8 × 8 grid was presented to measure the retinotopic organization of the recorded cortical area. 
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The duration of each flash was 200 ms, followed by a 64-ms blank time. Stimuli were presented 
15 times at each location, for a total of 960 stimulus presentations. Responses from the 15 trials 
were averaged. The response strength for the 64 different stimulus locations was determined for 
each of the 360 electrode array channels by calculating the r.m.s. value of the zero-meaned signal 
in the 40–160-ms window after presentation of the visual stimulus, to capture the majority of the 
visual evoked potential [30] (Fig. 13). The responses indicate that distinct regions of the brain 
responded to distinct areas of the visual field, as expected. 
For each channel in the array with a response >50% of the peak r.m.s. value (as 
calculated above), the delay to the peak of the evoked response was determined (Fig. 14a). A few 
general observations are visible in the data. Stimuli presented in the lower and left areas of the 
screen appeared to activate small areas of the lower left-hand corner of the electrode array, and 
these responses occurred earliest, consistent with early visual cortical areas [31]. Stimuli 
presented in middle to upper-middle areas of the visual field appeared to elicit responses in large 
areas of the upper middle areas of the electrode array, and these activations occurred later, 
consistent with visual association cortex. The upper two rows of the screen appeared to be 
outside of the visual field covered by the array, possibly as a result of electrode placement not 
covering the area striata activated during stimulation at the upper portion of the visual field. 
As a more rigorous test of the ability of the electrode array to resolve the visual field, we 
used the evoked response data to train a deep belief net (DBN) classifier [32,33]. A training set 
was generated by randomly selecting 10 of the 15 trials, averaging the evoked responses and 
repeating this process 100 times for each of the 64 screen locations to yield 6,400 total samples. 
The evoked response feature vectors were calculated as described above and concatenated, 
giving 720 feature dimensions in each of the 6,400 samples. The trained DBN was tested on a 
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separate dataset of ten trials, averaged together, from the same animal and recording day (Fig. 
14b). We found that 23 of the 64 screen locations (36%) were predicted exactly correct, 
significantly better than chance (binomial distribution, n = 64, p = 1/64, P(x > 22) << 0.0001), 
and 42 of 64 (66%) screen locations were predicted correctly within 1 neighboring square 
(distance ≤ √ , chance level = 11.8%). These results validate the capability of the electrode array 
to resolve visual evoked responses. 
 
3.5.2 Sleep spindles 
 
We recorded spontaneous spindles during barbiturate anesthesia in the μECoG signal. 
Spindle oscillations consisted of waves repeating at 5–7 Hz, lasting 1–2 s and repeating every 6–
10 s. Given the large number of channels on the electrode array and the large number of spindles 
recorded, data from a representative channel is shown for a typical spindle (Fig. 15a). The signal 
amplitude of ~1.2 mV is consistent with earlier published reports [34]. The unfiltered noise level 
of 30 μV r.m.s. was greatly improved from our previous report [. Individual waves in spindle 
oscillations were identified by a detector triggered on a threshold of 2 s.d. above or below the 
mean. For four of these waves, the r.m.s. value of the zero-meaned signal in the 30-ms window 
before and after the peak was plotted on the array map (Fig. 15b). For each channel in the array 
with >50% of the maximum r.m.s. value, the time to the peak of the wave was plotted (Fig 8b). 
We observed individual spindle waves to be spatially confined to a small region of brain (<5 × 5 
mm) and they did not move. Spindle waves were highly synchronous, peaking in a few 
milliseconds in all of the channels that were involved. 
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3.5.3 Electrographic seizures 
 
As a third demonstration of this new technology, we induced seizures in the feline model 
using local administration of picrotoxin. The drug was placed directly on the brain, adjacent to 
the electrode array on the frontal-medial corner. In one of the animal experiments, the electrode 
array recorded four spontaneous electrographic seizures and hundreds of interictal spikes over ~1 
h. The μECoG signal from a single channel of the electrode array during a short electrographic 
seizure (Fig. 16a) revealed a large amplitude (6.6 mV), low noise (45 μV r.m.s.) and high signal-
to-noise ratio (SNR, 34 dB). 
The array recorded spatial patterns that have not been previously observed during 
seizures. At the ictal onset, there was a plane wave (Fig. 16b) coming from the upper left that 
encountered a phase anisotropy, bent to the right, and anticipated the subsequent clockwise spiral. 
This spiral pattern rotated for three cycles. A second incoming plane wave changed the direction 
of rotation of the spiral. The ensuing counterclockwise spiral rotated for 19 cycles and was 
terminated by a plane wave coming from the right.  
On the basis of these early observations, it is possible that neocortical seizures may be 
initiated by interictal spikes that are diverted asymmetrically around regional anisotropies, 
resulting in sustained re-entrant loops. Seizures may be terminated by mutual annihilation of a 
rotating spiral with a traveling wave, which has implications for electrical stimulation to disrupt 
seizures [35]. Analogous anisotropies and colliding waves have been observed in the genesis and 
termination of cardiac arrhythmias [36]. 
Band-pass filtering the spiral wave data to investigate only the primary frequency 
component (as in previous analysis [37-39]) yielded delay plots that are consistent with spiral 
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waves. The primary frequency of the counter-clockwise spiral during the seizure was 6 Hz. 
Spiral wave data was band-pass filtered from 4 to 8 Hz using a sixth-order butterworth band-pass 
filter in the forward and reverse directions, resulting in zero-phase distortion digital filtering (and 
effectively doubling the order of the filter to a 12th-order filter). The relative delay for each 
electrode was calculated by first upsampling by a factor of 12 and then taking the index of the 
maximum cross-covariance between each channel and the average of all 360 channels. The 
resulting delay image map (Fig. 17a) revealed a singularity, as if forming a counterclockwise 
rotating pinwheel. Clockwise motion was also demonstrated by the delay plot (Fig. 17b), albeit 
with a less clear singularity.  
In addition to the spatiotemporal patterns analyzed above, the large SNR of the electrode 
array allowed us to analyze the pattern of single ictal and interictal spikes. Stereotyped, repetitive 
spatiotemporal patterns of single spikes were frequently observed throughout the dataset. We 
developed a clustering algorithm to test whether the spatiotemporal patterns of single spikes 
could be classified consistently. First, a standard, threshold-based spike detector was run on the 
average of all 360 channels to provide event detections. Other methods that leverage signal 
detection in individual channels may allow better resolution of more localized spikes. The 
threshold was set at −500 μV with a refractory period of 160 ms, yielding a spike amplitude of 
2.2 ± 0.95 mV (mean ± s.e.m.). The noise amplitude of the averaged signal from all 360 channels 
was 39 or 14 μV r.m.s. Data from all 360 electrodes in the window 60 ms before and 100 ms 
after the threshold crossing were upsampled by a factor of 12 and cross-correlated with the 
average of all 360 channels. The relative delay of the spike on each channel was calculated using 
the index of the maximum cross-covariance value. Upsampling allowed the relative delays to be 
computed with subsample time accuracy. In addition, the magnitude of the spike on each channel 
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was calculated using the r.m.s. value of the zero-meaned signal in the same window. The 360-
element delay and r.m.s. vectors representing each spike were normalized by dividing by their 
maximum respective values and concatenated. Using these two features, relative delay and r.m.s., 
the speed and direction of the wavefront, as well as its amplitude, could be encoded.  
To lessen the computational burden before clustering, we used principal components 
analysis to reduce the dimensionality of the spike data from 720 to 81, a number of coefficients 
that accounted for 99% of the data variance. Finally, k-medoids clustering [40] was carried out 
on 877 detected spikes. The potential number of clusters, k, ranged from 1 (that is, no clustering) 
to 30, and the gap statistic [41] was then used to determine the optimal number of clusters [42], 
with 21 clusters being returned. Delay maps for all of the spikes in each cluster indicated a strong 
similarity in clusters.  
We plotted example relative delay image maps for six different clusters (Fig. 17c). The 
events in the six clusters were found both ictally and interictally. These examples illustrate that 
vastly different micro-scale spatial patterns can be indistinguishable on a macro-scale, again 
strongly motivating recordings from brain at high spatial resolution. 
Of the 21 clusters, 5 clusters appeared to occur only during seizures (Fig. 17d). These 
results suggest that μECoG can differentiate ictal from interictal patterns that show up as nearly 
identical spikes at the resolution of clinical ECoG. 
 
3.6 Discussion 
 
The electrode arrays in use today can either sample broad regions of the brain (~80 × 80 
mm) at low spatial resolution (~10-mm spacing) or small regions of brain (~4 × 4 mm) at high 
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spatial resolution (~400-μm spacing) [11], with both requiring N wires for N electrodes. We 
developed a 360-channel active electrode array that is capable of sampling a fivefold larger 
region of brain (10 × 9 mm) than previous methods [11], with high spatial resolution (500-μm 
spacing) and high temporal resolution (>10 kS s
−1
) while reducing the number of wires ninefold. 
This technology offers spatial resolution approaching that of voltage-sensitive dyes, with greatly 
improved temporal resolution and SNR, with the ability to record from non-planar and non-
optically accessible areas and in a potentially fully implantable, nontoxic, clinical-scale system. 
This technology can be rapidly scaled to clinical sizes (~80 × 80 mm) with 25,600 channels 
while maintaining high temporal resolution (>1.2 kS s
−1
), enabling the elucidation of micro-scale 
brain dynamics in human normal brain activity and disease. 
Spiral activity has been described by mathematical models of two-dimensional excitable 
media [43] and has been documented in brain and heart [36-39], but until now a tool did not exist 
to record exhaustive spatiotemporal patterns of brain activity in a large mammalian brain. Our 
results suggest that spiral waves are present during seizures, although the seizures produced in 
this case were induced by acute disinhibition and may not accurately represent activity 
characterizing spontaneous seizures in chronic epilepsy. Perhaps more importantly, our 
technology offers a method for recording this kind of activity chronically in awake, behaving 
animals and humans with unprecedented detail. 
The importance of high-density, active array technology is evident in the neural dynamics 
that emerge at a spatial scale 400-fold finer than that used clinically. This technology 
demonstrated complex spatial patterns, such as spiral waves, clustering of spatiotemporal 
patterns, and heterogeneity and anisotropy of sleep oscillations, all of which occurred in the 
space occupied by one current clinical ECoG electrode. Coarse spatial undersampling prevents 
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current technology from resolving the micro-scale spatial patterns that occur in the brain, but the 
high resolution of this active array technology enabled us to distinguish intrinsic from pathologic 
signals efficiently, even in the same frequency bands. 
Our observations suggest that spindles are spatially punctate, stationary and temporally 
coherent, whereas epileptiform activity in this model propagated as planar and spiral waves. 
Further research is needed to fully characterize these results and their importance. Prior 
investigations using voltage-sensitive dyes have found spiral waves in rodents during ECoG 
epochs dominated by sleep-like delta frequencies [39]; in contrast, we found activity that was 
spatially inhomogeneous and did not spiral, but was present during delta-dominant states and that 
appeared as sleep spindles electrographically. Although optical imaging has demonstrated spatial 
patterns, such as planar waves and spirals in disinhibited rat cortex [38], high-density, active 
array technology enabled us to show that these spiral dynamics in disinhibited cat cortex are 
electrographic seizures at the clinical scale. 
Ultimately, the question of clinical relevance is whether there are spiral waves in human 
cortex, but voltage-sensitive dye recordings are infeasible for use in humans, as the brain needs 
to be optically exposed and subjected to toxic dyes. Our results suggest that technology incor-
porating flexible, high-density active arrays of electrodes can provide equal or superior 
recordings in a fully implantable system. If spiral waves are observed in human cortex, the 
clinical implications will be profound. Seizure control may be analogous to the control of cardiac 
arrhythmias, which are also known to manifest as re-entrant spiral waves of excitation [36]. 
Furthermore, as learning tasks increase spindle activity [44], which may be a result of 
consolidation and integration of memories [45], understanding the fine structure of spindles has 
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implications for learning and memory efficiency, as well as thalamocortical networks involved in 
sleep and primary generalized epilepsy. 
 
3.7 Conclusions 
Flexible devices such as those shown here hold the promise to enable neuroprosthetic 
devices that have been limited until now by the lack of resolution of the BMI and by the irregular 
topography of the brain. Using the extreme flexibility of active electrode arrays, devices can be 
folded and implanted into currently inaccessible brain regions, such as sulci and fissures, which 
can be simultaneously recorded and stimulated, along with surface regions to enable devices to 
facilitate movement, sensation, vision, hearing and cognition. These devices can also be powered 
remotely through wireless power transmission techniques [46]. 
Our work also has implications for treating disease. Disorders such as epilepsy, dementia, 
affective disorders, movement disorders and schizophrenia are all conditions that affect dispersed 
brain networks, rather than a single locus of brain function. Investigations of major depression, 
parkinsonism and chronic pain with magnetoencephalography have identified thalamocortical 
dysrhythmia, but increases of spatial and temporal resolution would allow a more detailed 
characterization of these diseased networks [47]. Only with new approaches that can resolve 
micro-scale activity over large areas of cortex will we be able to begin to understand how the 
brain functions in both disease and health, and to develop better diagnostic and therapeutic 
options for those affected. 
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3.9 Figures 
 
 
Figure 8. (a) Photograph of a 360 highly-dense electrode array. Each electrode size and spacing 
is 300 μm   300 μm and 500 μm, respectively. A closer view of the array is shown in the inset. 
(b) Schematic diagram of the circuit design of a single unit cell containing one buffer transistor 
(left) and one multiplexer transistor (right), transfer characteristics of the drain current (Id). On 
the right, drain currents (Id) were plotted as a function of drain-to-source voltage (Vg). 
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Figure 9. (a) Images of the electrode array at different fabrication steps. (b) Schematic cross-
sectional information of the device with red line illustrating neutral mechanical plane (NMP). 
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Figure 10. A schematic exploded view of the layers (left) and corresponding microscope image 
of each layer (right). Images doped and isolated silicon (right frame, bottom), after the first and 
second metal connections (right frame, second from bottom), after SU8 encapsulation (right 
frame, third from bottom), and after platinum electrode formation (right frame, top) are shown. 
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Figure 11. (a) Images of folded electrode array around a thin and low modulus 
polydimethylsiloxane (PDMS) insert. (b) Plots showing bending stiffness of electrode array with 
various epoxy thicknesses and two different polyimide (PI) substrate thicknesses. Flexibility 
increased approximately tenfold between the current device and previous work. (c) Plots 
showing induced strain in different layers depending on the change in bending radius. 
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Figure 12. (a) A flexible sheet of electrode is placed on the visual cortex. Inset, the electrode 
inserted into the interhemespheric fissure. (b) Left, the electrode is folded before being inserted 
in the fissure. Right, the electrode is inserted flat into the fissure. 
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Figure 13. Visual evoked response analysis of a two-dimensional sparse noise visual stimulus 
with each of 64 color maps showing the response of the entire 360-channel electrode array. The 
arrangement of the color maps corresponds to the physical layout of the stimuli that were 
presented on the monitor. 
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Figure 14. (a) The same 64-color maps with the response latency plotted. If the response did not 
exceed 50% of the maximum evoked response, it was excluded and is colored white. The inset 
describes the anatomical orientation of the electrode array on the brain. (b) Performance map 
showing the results after subjecting a test set of data to a DNB classifier in accurately 
determining each originating location on the screen of respective stimuli. 
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Figure 15. (a) A typical barbiturate-induced sleep spindles recorded from a representative 
channel. By convention, negative is plotted up. Arrows point to peaks of the spikes where 
additional analysis was done. (b) r.m.s. value of the zero-meaned signal of individual sharply 
contoured waves comprising the spindle revealed the high sensitivity of the electrode array and 
the spatially localized nature of spindles (left column), as well as the high degree of temporal 
synchronization indicated by the relative time to peak across the array (right column). 
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Figure 16. (a) μECoG signal from a representative channel of the electrode array during a 
electrographic seizure. Each labeled segment corresponds to movie frames below. (b) Movie 
frames showing varied spatial-temporal μECoG voltage patterns from all 360 electrodes during 
the labeled time intervals from a. 
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Figure 17. (a) Relative delay map for the 4-8 Hz band-pass filtered data from 3 seconds of 
continuous clockwise spiral rotations illustrating a clear phase singularity and counter clockwise 
rotation. (b) Relative delay map for narrow band-pass filtered data from ~0.5 seconds of 
clockwise spiral rotations illustrating clockwise rotation, but a less clear singularity. (c) 
Representative delay maps from six different spike clusters illustrating that complicated spatial 
patterns at the micro scale (0.5 mm) cannot be distinguished at the current clinical scale (~1 cm). 
(d) Representative delay image maps from two clusters that occurred exclusively during seizures, 
illustrating differences in spatial-temporal micro-scale patterns during seizures. 
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CHAPTER 4 
TECHNICAL OUTLOOK 
 
 In previous chapters, the research efforts in obtaining higher brain signal quality through 
the least invasive methods were described. It has been presented that in order for achieving better 
signal quality, extreme conformal tissue coverage is essential. In chapter 2, various substrate 
designs were examined with the mesh structured electrode providing the ideal conformal contact 
on the surface of the brain. In chapter 3, technological advancement in the neural mapping array 
that consisted highly-dens, actively multiplexed silicon transistors was presented. ECoG data that 
was unmatched in spatial and temporal resolution could be recorded with the presented 
electrodes. With the two technologies showing improvements in each of its aspect, the 
combination of the two is immediately attractive. That is, if the active device array is formed on 
a thin, mesh-style platform, we may expect increased signal quality. 
Increasing the effective size of the electrode array is another aspect that can be 
challenged. While the presented electrode contains an array that is ~1 cm × 1 cm, a clinically 
practical electrode should be able to provide area coverage as large as ~8 cm × 8 cm. In a pure 
medical research aspect, incorporation of a stimulating component to the electrode could provide 
as a new tool for studying and treatment of numerous brain diseases. The development of such a 
large mapping tool could allow pin-pointing of abnormal neural activities, ultimately increasing 
the effectiveness of the treatment. Finally, signal resolution could be further improved by 
attaching minimally penetrating pin structures on current electrodes. Micro-penetration of the 
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brain tissue may result in even higher signal-to-noise ratio without adversely affecting healthy 
tissues. 
  
